I. Introduction.

Cancer is a common, complex, and frequently fatal disorder, in which the
mechanisms that normally govern the growth and functions of our cells go awry.
How can this disease be mastered when our knowledge of the behavior of normal
cells remains rudimentary? We contend that the best hope lies in a newly flour-
ishing enterprise, one significantly nourished by our own work, that applies the
techniques of molecular biology to a relatively small set of genes recently im-
plicated in the development of cancer ("oncogenes"). '

The conviction that cancer is a disease involving structural alterations
(mutations) of genes has its roots in a variety of clinical and experimental ob-
servations. Carcinogens are frequently mutagens; certain neoplastic diseases
display patterns of inheritance resembling genetic disorders; cancer cells often
manifest gross distortions of their chromosomes; and the phenotype of a cancer
cell has a stability evocative of genetic change. However, to the many experi-
mentalists entering cancer research as we did 10 to 20 years ago, the most
striking fact was that the permanent addition of one or a few viral genes to a
normal cell could convert it to a cancer cell. Compared with the daunting com-~
plexity of the vertebrate genome, the simplicity of certain tumor viruses (the
polyomaviruses and retroviruses) seemed refreshingly approachable. Although the
study of such viruses and affected cells from chickens and rodents seemed at
first to represent an expedient compromise with Nature, there have been rich and
unexpected rewards, particularly for those of us working with retroviruses. The
many different oncogenes found to be carried by retroviruses (v—ggg's) have pro-
ven to be derived from normal cellular genes (known as cellular oncogenes [c-
ggg's] or proto-oncogenes); moreover, the cellular oncogenes show many signs of
being the targets for various mutational events that lead to eancer in animals
and man.

Our laboratory first unveiled cellular oncogenes by finding that the DNA of
birds and mammals contains homologues of v-src, the oncogene of Rous sarcoma
virus. This and subsequent findings prompted us to propose that v-src arose by
the capture of a cellular gene (c—ggg) by a pre-existing retrovirus without an
oncogene; that c-src is a gene highly conserved in Nature and vital to normal
cells; and that c-src (or genes like it) might figure in the genesis of many
cancers, regardless of precipitating cause.

- In the decade that followed, several developments enlarged the repertoire
of cellular oncogenes and strengthened the argument that they are involved in
many forms of cancer. (i) Definition of the composition and origin of retro-
viral oncogenes other than v-src, here and elsewhere, uncovered many new cellu-
lar oncogenes, nearly twenty at last count; as the number grew, so did the
variety of biochemical mechanisms for inciting neoplastic growth and the pros-
pects for perceiving mechanisms relevant to human cancer. (ii) The study of re-
troviruses lacking their own oncogenes provided the first direct evidence that
known cellular oncogenes could participate in carcinogenesis, as the targets for
activation by viral insertional mutations. This mechanism also affords a novel
means to search for new oncogenes. (iii) DNA-mediated gene transfer into rodent
cells has uncovered active oncogenes in human and other tumors. Again cellular
oncogenes previously jdentified by their homology with retroviral oncogenes have
frequently been implicated, and an explicit definition of carcinogenic change at
the nucleotide level has been possible for the first time. (iv) Cellular on-
cogenes or their close relatives have been encountered amidst chromosomal
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anomalies with surprising frequency, the genes sometimes amplified in numbers
and extent of expression and sometimes translocated from one chromosome to
another.

Such findings not only validate the study of retroviral oncogenes as models
for the biochemical basis of human cancer, they also invite a direct assault on
an apparently limited set of cellular genes important in the creation of a canc-
er cell, irrespective of external cause. The questions we address in our work
and this proposal spring directly from this perspective. What is the full rost-
er of cellular genes instrumental in carcinogenesis? What are the normal func-
tions of these genes? How do their oncogenic homologues---either mutant alleles
in tumors or transduced derivatives in viral genomes---differ structurally and
functionally from their normal progenitors? What are the biochemical conse-
quences of oncogene activation and how do those consequences lead to the loss of
growth control and the other changes that typify a cancer cell? Might we be
able to use the emerging knowledge of oncogenes to begin the rational design of
strategies for the control of cancer?

II. Expanding the roster of oncogenes.

The size of the complete repertoire of cellular oncogenes is unknown. Re-
troviruses have brought to light at least twenty such genes, and more appear to
be in the offing. For example, two leukemia viruses (E26 and MH-2) under study
in our laboratory harbor as yet uncharacterized genetic loci that may be on-
cogenes. Several oncogenes have also been added to the list by the study of
insertion mutations, oncogenic DNA, and chromosomal rearrangements.

We are placing special emphasis upon the use of insertion mutations to
identify new oncogenes. The value of this approach has been substantiated---and
given rise to yet more experimental opportunities described below-~-in studies
of avian B cell lymphoma and mouse mammary carcinoma. In the lymphomas, a cel-
lular oncogene (c—mxg), previously discovered here by its homology with the on-
cogene of MC-29 virus, was found to be activated in virtually all tumors by ad-
Jacent insertions of avian leukosis virus DNA. This finding presaged other
kinds of evidence for the involvement of c-myc in human and murine tumors: am-
plifications of the c-myc gene and chromosomal translocations that join c-myec to
immunoglobulin loci. In mouse mammary tumor virus (MMTV)-induced carcinomas, we
have traced proviral DNA to the site of insertion mutations and thereby identi-
fied a cellular gene (called int-1) that is activated by the insertions. This
gene, like other putative oncogenes, has been highly conserved during evolution,
but expression of it has been observed to date only in mouse mammary tumors
bearing nearby proviral DNA. We now seek to know the function of this gene (see
below), and whether it figures in non-viral carcinogenesis in human beings and
other animals. We are also attempting to discover new oncogenes in two other
contexts in which insertion mutations may be operative: in nephroblastomas in-
duced in chickens by myeloblastosis-associated virus, and in primary hepatic
carcinomas (PHCs) associated with infection by hepatitis B virus (HBV). The
study of nephroblastomas may have special rewards: no gene has yet been impli-
cated in human renal cancer, though several chromosomal abnormalities have been
described; the precedent of c-myc sugggests that targets for insertion mutations
may also be involved in chromosomal rearrangements. PHC has a significance that
is self-evident: this disease is among the most common fatal cancers of man
worldwide. In both contexts we seek chromosomal domains that are physically and


















